An X-ray diffraction experiment on a 2.98 molar ZnS04 aqueous solution has been interpreted in terms of coordination models. The best agreement between model and experimental structure functions was reached when the Zn 2+ ion is hydrated in octahedral form, with twelve water molecules in a second hydration shell, bonded by shortened H-bonds to the first hydration shell. The sulfate group is loosely coordinated by 8.2 water molecules. Besides the dominating Zn(H20) | + complexes, about 40% [Zn(H20)sS04] inner complexes were found to be consistent with the X-ray data. Alternative models of cationic hydration are critically examined and for the sulfate group the independent atom approximation is compared with a spherical molecular description.
Introduction
In the last decade many X-ray studies have been carried out on aqueous solutions of monovalent, bivalent and trivalent cations, while the more often studied anions were Cl~, I -and oxyanions such as S04 2-, C104~ and N03~. The information about the hydration or coordination of the anions is generally more ambigous than that of the cations. The structure of the water not involved in the hydration spheres of the ions, referred to here as "rest solvent", was also tentatively described. Formation of complexes or ion pairs has been a topic of some recent diffractometric studies for concentrated solutions of oxyanions and bi-or trivalent cations.
It is convenient to distinguish between the two possible forms of ion-pairing. Here we refer to inner-sphere complexes or contact ion-pairing when a counterion is one of the neighbouring particles of a given ion. On the contrary, when the first hydration shell is left pure and there are one or more bridging water molecules between the ions of opposite sign, we speak of outer-sphere complexes. Alternative definitions are also found in the literature.
Various physico-chemical methods have also been applied. Thus for solutes of MS04, where M is mostly a transition metal, possible reaction mecha-nisms with complex formation have often been deduced, starting from some measurements and resulting in a set of equilibrium constants. The EigenTamm three step mechanism [1] assumes that contact ion-pairs may be formed from totally dissociated M 2+ and S04 2-ions via outer-sphere complexes. The ability of the cations to form outer or inner-sphere complexes is characterized by corresponding equilibrium constants. A survey of the related literature reveals significant disagreements in the results. Moreover the terminology, used in these works, is sometimes very different from that applied in the diffraction studies. This discrepancy can lead to a misinterpretation of the structure.
A remarkable proposal towards a unification of the terminologies has been made by Libus et al. [2] . They consider the cations to be present in various coordination states and conclude that some physical properties are in a unique correlation with the coordination states. Comparison of complete coordination models with X-ray data is of main importance in this respect.
In the present work results of X-ray scattering experiment on a 2.98 molar aqueous ZnS04 solution are reported and analysed in terms of coordination models. The work has three tasks: (i) to give a quantitative analysis of the X-ray data in respect to ion-pair formation, (ii) to investigate the hydrogen bond shortening, and (iii) to decide whether the oxygen sites of the sulfate ions can be distinguished by X-ray scattering or not. The first two tasks are of general chemical interest, the third one has importance for the specialists. In a recent work of Licheri et al. [3] a series of aqueous ZnS04 solutions has been investigated. The authors' attention was focused on cation hydration and its concentration dependence. Since no concentration effect was observed, a model with exclusion of ion-pair formation was applied for all solutions. While in this paper the absence of complex formation in ZnS04 solutions is strongly suggested by qualitative arguments, complex formation could not be ruled out. Although anomalies were observed in parameters for shortened H-bond interactions and sulfate hydration, the authors did see no reason to investigate improved models quantitatively.
In the present work five coordination models have been checked for the interpretation of the X-ray scattering data (models A -E). The models differ in the description of the coordination states of the cation and the treatment of S04 2-group. The primary hydration shell of the cation is assumed to consist of six water molecules (A -D) or partly of five water molecules and one anion (E). Models A, B, E include, in addition, secondary hydration for the cation. Models C and D treat only the first neighbour hydration, but rest solvent is also taken into account, for the structure of which either a tetrahedral arrangement is assumed (C), or it is substituted by the pure solvent structure (D). For the description of anion hydration no symmetry is assumed, and the only difference appears in the treatment of X-ray scattering of the sulfate ion itself. Thus model A includes the tetrahedral structure of anions, but in models B -E the anion is represented as a structureless spherical scattering unit. As a consequence of the latter difference, in models B -E the number of parameters is decreased because no parameter appears for sulfate 0 site-solvent interactions. The differences in the five models are summarized in Table 1 .
The experimental conditions for the registration of the scattered intensity as well as the correction and normalization process was essentially the same as in [3] . The obtained structure function is denoted here by kH^(k), k being the scattering variable, while Gd(r) stands for the correlation function. The formula for the construction of the "synthetic" structure functions k //ML(^) based on the model assumptions is expressed in Eq. (1) of [3] .
The models were tested by fitting the corresponding kH^(k) functions to the experimental one by adjusting their independent parameters. The quality of the fit was expressed as
The o 2 values for the models are shown in Table 1 .
The best fit was obtained for model E. The corresponding kH(k) and Gi(r) functions are shown in Figures 1 and 2 , respectively. The parameters of model E are presented in Tables 2 and 3 . No significant variations were detected for different models as far as the primary hydration of ions is concerned.
Hydration Shells of Zn 2 +
In each model Zn 2+ is hydrated in the Zn(H20)6 2+ form, with octahedrally arranged water molecules.
In model E this is partly changed by inner-sphere complexes of Zn 2+ and S04 2-. As concerns the six water molecules in the first hydration shell, this is in good agreement with the literature data, and the r Znwl = 2.10Ä distance is also near to those reported [3] [4] [5] .
The validity of the symmetry assumption for the hydration shells, although commonly accepted, still remains questionable. For an X-ray analysis it is only a working hypothesis and refers to the average arrangement of the first neighbours. In a recent study this hypothesis was analysed by combined Xray and molecular dynamics investigations of various ions, and it was concluded that the probability of finding six water molecules simultaneously in a slightly distorted octahedron is about 60% for Mg 2+ [6] , which makes the symmetry assumption rather convincing. Since for the Zn 2+ ion no similar estimation is available, the assumption for symmetry is supported only by the similarity of the Mg 2+ and Zn 2+ ions both in size and charge.
No secondary hydration for the Zn 2+ ion was found in some previous papers [4, 5] . In [3] , however, a second hydration shell was incorporated in the model describing the cationic hydration, similarly as it was done recently for various trivalent [7, 8] and bivalent [6, 9, 10] cations, and even for Li + [11] . In these models distances of about 2.65 -2.80 A have been found, which were always assigned to Wj -w2 distances between the two hydration ~ Table 2 . Structural parameters for ^S04-w the hydration shell of the anion and the ion-pair from model E. 0.43 (5) ( 5 ) shells, based upon Brown's H-bond analysis [12] . These are obviously shorter than the average 2.85 Ä distances usually found for the first neighbour distances in pure water. The models constructed generally resulted in very good fits to the experimental data, therefore alternative explanations for the distance shortening were neglected. Moreover, a tendency for having shortened H-bonds if 5 >0.4, where s = Z/CN with Z the cationic charge and CN the coordination number in the first shell, was stated. Some indications show, however, that one has to be careful in the a priori application of these assumptions. Firstly, the last statement is questionable for the bivalent cations (5 = 0.33) and Li + (5 = 0.17), where second spheres with shortened distances are also reported. Secondly, these distances generally have small, often unacceptable /wiw2 rmsd values, pointing to some incoherences in the models (see oWl_W2 values in Table 2 of [3] ). Finally, the assignement to the WjW, interactions is also questionable while alternative possibilities are not critically analyzed; the question may sometimes be connected with the handling of the rest solvent as unperturbed pure water, or with other incoherences in the model, as in [3] where the shortened H-bonds are partly assigned to 0 §-WA interactions, with unphysically small rmsd values. This is in contradiction with the conclusion that the hydration of S04 is weak.
In order to study this phenomenon, two different ways may be followed; searching directly for the shortened distances, or isolate them indirectly by the exclusion of unacceptable alternatives. The first way was followed for a l.lMMgCU solution where a molecular dynamics simulation provided special statistics for the rWlW2 distances and yielded about 0.1 Ä shortening with respect to the average first neighbour oxygen-oxygen distance [6] .
In the present study an indirect way was followed. In model B all of the Zn 2+ had two hydration shells with six and twelve water molecules involved, respectively.
The second sphere was then dropped in model C (Zn-w2 and -w2 type contributions excluded) with simultaneous introduction of tetrahedral units for the rest solvent as in [13] . Only a 13°/o increase in the o 2 was detected, with the appearence of the same rw_w = 2.68Ä and ZW_W = 0.10Ä values. An additional test, with the substitution of the rest solvent contribution by an experimental structure function of pure water (model D) resulted in a significant increase in o 2 . From these effects it can be concluded that the rest solvent is highly perturbed by the presence of the ions. This perturbation results in a preference for forming shortened Hbonds between the water molecules (Models A, B, C). Assigning them to the w4 -w2 interactions, based only on X-ray data, however, is not obvious because of the not very convincing improvement of the fit.
The Sulfate Ion
In [3] the description of the anion structure resulted in some anomalies. According to the authors this is probably due to the relatively small contribution of the sulfate-water interactions to the structure function and the weakly bounded hydration shell of the anion. Based on these arguments, a further attempt is made here for studying the behaviour of the sulfate ion. Thus models A and B agree in the description of the cationic hydration, but differ in that of the anion. In model A the independent atom approximation is used for the sulfate group. Fitted parameters for the intramolecular contributions yielded values of 7"so = 1.49 A, ho = 0.05 A, l00 = 0.08 A, with roo = 2.43 A, calculated from the fixed geometry. In model B a molecular approximation was applied, where the scattered intensity for the sulfate ion was computed according to the DebyeEhrenfest formula
The sum is over the distances (a) and types ii, j) within the unit. The scattering factor /go4 was approximated by the spherical part a0° of the molecular scattering amplitude. In both models, as well as in the remaining three, the hydration or, more precisely, the coordination state of the sulfate group was characterized by a free coordination number nso4-w? neclecting any symmetry in the shell. Going from model A to B, the number of fitted parameters was reduced by 4, with the exclusion of O-w type interactions from the sulfate oxygens. In spite of this, a slight decrease in o 2 could be observed (Table 1 ). This indicates that there is no reason for a separate description of sites in the sulfate group. Treating the S04 group as spherically symmetric unit, although this approxima-tion is not obviously valid in general for tetrahedral molecules, leads to a more reasonable explanation for the parameters of anionic hydration. The coordination number ngo4-w and the large Zso4-w rmsd parameters support also the idea of weak interaction between sulfate and water.
Ion-pairing
The results of the recent studies on complex formation for MS04 salt solutions vary greatly. The conclusion that "most metal sulfates are very highly associated even in dilute solutions" [14] is generally accepted, but the estimated ratios of outerto inner-sphere complexes are very different. The predominance of outer-sphere complexes is often emphasized [2, 15, 16] . The degree of inner-sphere complexation varies from 10°/o, determined by infrared spectrophotometry [17] , to 50% from association constants [18] . The stability constants for the transition metal sulfates show the decreasing order Cd 2+ > Co 2+ > Zn 2+ > Ca 2+ from conductivity data [19] and Cu 2+ > Zn 2+ > Mn 2+ > Ca 2+ > Mg 2+ from combined methods [20] . The partial molal volume changes give a stability order of Ni 2+ > Cu 2+ > Co 2+ > Zn 2+ > Mn 2+ > Cd 2+ [16] , while from absorption spectra it is concluded that CoS04, NiS04, CuS04 and ZnS04 are associated to the same extent at any given concentration [2] . As emphasised by Yokoyama et al. [15] , differences can arise from the uncertainties in the definitions of the innersphere and outer-sphere complexes. Defining an inner-sphere complex when the cation and the anion are closer to each other than the sum of their ionic radii and the diameter of a water molecule, they derived the ratio of inner-sphere complexes related to the total complexes for the ZnS04 as 0.36 from spectrophotometry and 0.48 from conductivity data. An estimation from ultrasonic relaxation data gives 0.30, but from volume and compressibility data only 0.20 [16] , while for CdS04 it is even smaller (0.12). In spite of the disagreement in the quantitative estimates, inner-sphere complex formation does not seem to be negligible for ZnS04 and CdS04 .
In earlier X-ray diffraction studies this phenomenon was not considered for the ZnS04 solution. The way to do it is construction of a coordination model, where, at least partly, the water molecules in the first hydration shell are substituted by anions.
For the description of ion-pairing, in model E, the ions were assumed to be in the following coordination states: The x parameter was varied in 0.1 increments from 0 to 1, and in each case the whole parameter set was refined. According to this choice, a; = 0 corresponds to the cations being hydrated completely by two hydration shells, while x = 1 gives the situation when each cation is in contact with one sulfate group, with partly destroyed second hydration shells. pairs must be significantly smaller than for the 3 molar CdS04 solution, where x = 100°/o, and so the complex formation abilities of Zn 2+ and Cd 2+ seem to be different. The structural parameters had only negligible variations within the described procedure. Although the number of second shell water molecules around the inner-sphere complexes was not fixed at 10, it remained practically unchanged (10.4 when x = 40%).
As for the ion-pair distance, rzn_s04 = 3.13 A was found. In the experimental £ci(r) a slight asymmetry on the right hand side of the peak at 3.0 A must be explained by its contribution. The parameter of the contact ion-pair distance of 3.13 A is in good agreement with the value found for the anionwater distance 3.83 A. Calculating an effective ion radius for the anion from the radius of the water molecules 1.4 A and the ionic radius of the cation 0.7 A, one can also arrive at 3.13 A for the ion-pair distance.
Concerning the possibility for Zn ions to form complexes with more sulfate groups, its checking is beyond to the limits of the X-ray diffraction method. Indeed, an additional test with two sulfate groups in
